Introduction
In an earlier paper (Gillies & Wilkes, 1969) , we described a technique for studying the approach paths of mosquitoes as they converged towards test baits set up in the field. We also recorded the results of experiments carried out in the Gambia to determine the range of attraction of pairs of animal baits and of carbon dioxide for certain common species of West African mosquitoes. The results showed that hungry females of Anopheles melas Theo. were responding to the presence of animal baits from a greater distance than that shown by the species of Culicines occurring in the area. They also showed that, in the case of the former species, the animals were attracting mosquitoes over a greater distance than an equivalent source of carbon dioxide. We concluded from this that, at least in the case of A. melas, host odours were acting as a long-range attractant and that this effect was over and above any short-range influence they might have such as that shown in cage experiments, as reviewed by Hocking (1963) and Khan et al. (1966) .
The present paper describes the use of the same technique to investigate specific differences in behaviour in more detail and to determine the range of attraction of single mammalian baits and of carbon dioxide under field conditions. The experiments were carried out in the Gambia near the village of Keneba, some 50 miles (80 km) inland from the coast. Details of the study area are given by Gillies & Wilkes (1969) .
Experimental design
An area of orchard and regenerating bush 140 yd (128 m) square was cleared near the mangrove swamps. In the centre of the cleared area a small enclosure of vertical stakes was made for the bait. Ramp-traps (Giliies, 1969) , were set up on the ground, radiating out in four directions from the bait to a distance of 50 yd (46 m). These traps intercept mosquitoes flying within 4-5 ft (1-4 m) of the ground, and since the openings faced away from the bait they trapped only mosquitoes flying towards it. The general plan of the experimental area is shown in Fig-1 and details of the arrangement of the traps in Fig. 2 . A view of the area is also shown in Plate VIII, fig. 1 . Thirty traps were used, two at 5 yd and four each at 10, 15, 20, 25, 30, 40 and 50 yd. The nearest village was about one mile (1-6 km) to the north of the area.
In the series of catches with human bait the calf enclosure was replaced by a sixfoot-(1-8 m) cube cage of mosquito gauze with a roof of calico. The bait slept on a camp bed inside the cage underneath a mosquito net.
A control area 70 yd (64 m) square was cleared, adjacent to the test area but separated from it by 20 yd of uncleared bush (Fig. 1 ). In the centre of the control area another calf enclosure was set up and four ramp-traps arranged round it at a distance of 10 yd from its centre (Plate VIII, fig. 2 ). This was baited every night with a single calf so as to provide standard catches on which to estimate nightly variation in the density of mosquitoes flying through the experimental area. The control area was sited far enough away to avoid any direct influence of the bait in one area on the behaviour of mosquitoes in the other. However it is evident that, on the one hand, some mosquitoes approaching the test area from the west would be drawn in to the control bait, while, on the other, the test bait would tend to screen off mosquitoes flying in from the east that otherwise might have oriented to the control. This would have had the effect of altering the ratio of catches in the test area to those in the control area, depending on the direction of the wind. But it would not have influenced the pattern of flight within the test area. The arrangement of the traps in the test area had the drawback that the mosquitoes might respond in some way to the visual stimuli that the lines of traps presented. In fact there was some evidence from the unbaited catches that they were being attracted to a slight extent to the traps closer in to the centre. 
Bait
On animal-baited nights a single small calf was tied up in the centre of the experimental area. Two different calves were used that weighed about a hundredweight (51 kg) at the beginning of the season and 62 kg at the end.
On carbon dioxide-baited nights the gas was released from a cylinder in the centre of the area and monitored with a fiowmeter. The flow was adjusted so as to be equivalent to the expired breath of the animal-Flow rates of 230-275 ml/min were used in the early part of the season and were increased to 280-330 ml/min in the later part so as to keep pace with the growth of the animals. The flow rate was checked at three-hourly intervals during the course of the night.
A number of different human sleepers were used, including ourselves. Body weights ranged from 120-170 Ibs (54-5-77 kg).
Meteorology
The experiments were conducted from late July to early November 1969, covering most of the rainy season. Mean monthly temperatures ranged from 26-0 C to 27-3 C and humidity was high for all except the last few weeks of the season. A total of 32-4 in. (823 mm) of rain fell during the period.
Wind speed was measured with sensitive cup anemometers set 4-5 ft (1-4 m) above the ground. There were occasional brief gusty spells heralding the onset of storms. Their impact on insect flight must have been considerable and on one occasion a squall played havoc with the traps. But apart from these incidents the wind was very light and variable, seldom reaching more than 5 ft/sec (1-5 m/sec) and often averaging less than I ft/sec for several hours on end. During the first 3^ hours of the night, wind speeds averaged 1-5-1 ft/sec (0-3-1-5 m/sec) and during the last four hours 0-4-3-5 ft/sec (O-I-l-l West and south-west winds were the most frequent.
Mosquito fauna
In the previous season's work at Keneba, the palpal index (Coluzzi, 1964) had been found to be a useful character for separating females of A. melas from freshwater members of the A. gambiae complex. The results had shown that 90-95% of the population sampled in flight-traps consisted of the salt-water species A. melas. Since the present investigation was in the same area, at the same season of the year and for most of the time with the same baits, it is assumed that the species composition of the catches was similar to that of the previous year. In analysing the results we have, Tables I and II . In order to illustrate the way in which mosquitoes converge towards the bait we need to analyse the data in terms of density on distance from the bait. When plotted on an arithmetic scale, the diagram (Fig. 3) shows that the distribution of points on the catch curve is an exponential one, flattening out at a level that represents the density of mosquitoes present beyond the influence of the bait. The point at which the curve decays to the background level corresponds to the point where the influence of the bait ceases. To bring out this distribution more clearly we have plotted the data for the different species on a semi-logarithmic scale (Fig. 4-6 ). To determine this endpoint exactly we would have needed to employ large numbers of traps in clusters round the ranges corresponding to the lower end of the curve; constant meteorological conditions would also have been required. Since these criteria could not be fulfilled, detailed statistical analysis would not be justified. We have, therefore, fitted straight lines to the two sections of each catch-curve, one for the closer ranges where the density of mosquitoes declines with distance, the other at greater ranges where density remains independent of distance from the bait. The point at which the two lines diverge has been judged by inspection of the data. As will be seen from the curves a fairly clear picture emerges in most cases, and it is possible to allocate densities at the successive ranges with confidence to one or other of the two sections of the curve. In some instances, however, as for example in Fig. 5 where the density at 10 or 15 yd is only slightly above the level of catches at greater distances, some doubt remains and the range of effect of the bait cannot be precisely estimated. Anopheles melas. The corrected catch-curves (Fig, 4 ) strongly suggest that females are responding to the presence of a calf at 15 yd but that at a distance of 20 yd the bait had no detectable influence on the density of mosquitoes flying through the area. Comparable results were obtained with single human baits (Table I) . On the other hand, the catch curves with carbon dioxide as bait suggest that its influence only extended out to 10 yd and that even at this range catches were only slightly above the background density. Confirmation of the greater range of attraction of animal baits comes from the calf/carbon dioxide ratios given in Table III The 'control' column gives the ratio of standard catches on calf-nights to catches on carbon-dioxide nights made outside the experimental area.
Anopheles spp. Catch-curves with animal baits are generally similar to those for A. melas, although the decline in numbers from 5 yd to 20 yd is rather steeper (the regression coefficient b = 0-54 compared with 0-35 for A. melas). Catches with carbon dioxide as bait were too small for analysis, but the low calf/carbon dioxide ratio at 15 yd suggests that the attraction of animal baits is weaker at that range than in the case of A. melas.
Culex thalassius In contrast to the results for Anopheles, catch-curves shown in Fig. 5 suggest that the attractant range of animal baits for C. thalassius extends out to 10 yd but not to 15 yd. When the data are corrected by taking the no-bait catches into account, a possible effect of the host at 15 yd is apparent. However, this is not confirmed by the calf/carbon dioxide ratios. The range of effect of carbon dioxide is rather more clear cut in that both the catch-curves (Fig. 5) and the corrected data show raised catches at 10 yd but not at 15 yd.
Culex tritaeniorhynchus. As with the C. thalassius the data are not conclusive on the range of effect of animal baits. The catch-curve (Fig. 5) indicates an effect of the host at 15 yd, although this is less marked than in the case of A. melas and Anopheles spp. Confirmation is not possible from no-bait catches since these were too low for reliable correction of the catch-curves. However, calf/carbon dioxide ratios at 15 yd again suggest that there is an attractant effect of the animal at this range. Since the slope of the curve from 5-20 yd in this species is particularly steep, the most likely interpretation of the results would be that 15 yd is near the limit of the effective attractant range of a single calf for this species. The results with carbon dioxide as bait are much more clear-cut, as shown by the catch-curves and by calf/carbon dioxide ratios. These make clear that the influence of carbon dioxide as bait extended to 10 yd but not to 15 yd.
Culex decens group. All catches show the low responsiveness of this group to the baits used. Both with a calf and with carbon dioxide, raised catches were only observed at a range of 5 yd. It appears from this that the response to both baits was the same, despite the fact that calf/carbon dioxide ratios at 5 yd were slightly higher than at all other distances.
Discussion
Gillies & Wilkes (1969) proposed that orientation to warm-blooded hosts could be regarded as a sequence of stimulus-response situations experienced by mosquitoes as they flew up the plume of host-conditioned air drifting down the wind from the baitThis plume or cloud, the host-stream, was described in terms of zones corresponding to the ranges at which successive host stimuli were first encountered by the approaching insect. These comprised host specific odours at long range, carbon dioxide at middle range and warm, moist convection currents at short range. Support for this hypothesis was provided by the results of experiments which showed that females of A. melas were converging towards two bait calves from at least 40 yd, whereas, when the equivalent output of carbon dioxide was substituted for the animals, convergence was only initiated from between 20 and 40 yd. On the other hand, C. thalassius and C. tritaeniorhynchus appeared to be orienting to both calf baits and carbon dioxide from 20 to 40 yd.
Olfactory cues were therefore held to be responsible for the long-range orientation shown by A. melas, whereas evidence for a similar long-range effect for the species of Culex was lacking. As observed previously, the behaviour of the Culex decens group is strikingly different from all other species. The influence of the bait only extended as far as the traps, at 5 yd, and even at this close range there was scarcely any difference between catches with animal bait and with carbon dioxide. This shows not only that factors other than carbon dioxide played little part in the responses of these mosquitoes, but also that their sensitivity to carbon dioxide was much lower than in other species. Since members of the C. decens group are believed to be largely ornithophilic these findings suggest that specific chemical factors associated with birds may be mainly responsible for host location. Their behaviour therefore contrasts with that of a species such as C, tritaeniorhynchus, which is known to feed off a wide spectrum of hosts including birds (Pennington & Phelps, 1968; Hill et al., 1969) , and which, as Wada et al. (1967) and ourselves have shown, exhibits a well marked response to carbon dioxide as well as to bait calves.
Some further conclusions may be drawn from the results of this work. First, it is evident that, in studies on the comparative attractiveness of different baits, the hosts must be widely enough separated to prevent mixing of the host-streams from different baits. If this precaution is not observed, mosquitoes attracted at long range by the odour of one host might be diverted at closer range by the carbon dioxide from another. Our results suggest that a separation of 15-20 yd (14-18 m) would be necessary for human baits or small calves. Conversely, one can visualise situations where the carbon dioxide from a group of large hosts might draw in mosquitoes from over a wide area, yet for them to be diverted closer in by the odour plume of a single alternative host. The use of dry ice in association with light-traps is analogous in its effect. Since a pound of dry ice may emit the gas at a rate of 1-5 1/min when first exposed (Gillies & Snow, 1968) , it is clear that effective levels of gas will drift downwind for a distance of perhaps 30-40 m. Species that are relatively insensitive to light will thus initially converge towards the carbon dioxide source, only to be drawn into the light-trap once close enough to be affected by the light.
Secondly, we have established that host odours are clearly effective in attracting mosquitoes of certain species from a greater distance than carbon dioxide alone. This confirms the long-range effect of olfactory cues suggested by Freyvogel (1961). It has also been possible to confirm the importance of odour in combination with carbon dioxide at intermediate ranges, as already shown to occur under the close-range conditions of the cage experiments of Khan et al. (1966) .
Thus it is evident that the odours from appropriate hosts play a dual role in the orientation of mosquitoes, acting on the one hand as primary orienting stimuli at long range and on the other as a reinforcement of the responses to carbon dioxide and convection currents as the insects close in to the bait.
Summary
Field experiments were conducted in the Gambia to measure the convergence of mosquitoes towards single bait-animals (calf or man) or to an equivalent source of carbon dioxide, the mosquitoes being caught in ramp-traps. Catches of unfed females of Anopheles melas Theo. fell off steeply with increasing distance up to 15 yd from animal bait; with carbon dioxide as bait, raised catches were only recorded out to 10 yd. Catches of other Anopheles spp. with calf-bait gave similar results to those for A. melas. A positive effect of the calf on densities at 15 yd was obtained for Culex tritaeniorhynchus Giles but this was less clear-cut in the case of C. thalassius Theo.; with carbon dioxide as bait, raised catches of both species were recorded at 10 yd but not at 15 yd. Both types of bait gave raised catches of the C. decens group only at 5 yd. It is concluded that A. melas and other Anopheles spp. were detecting and responding to the single animal bait from 15-20 yd, C. tritaeniorhynchus and C. thalassius from 10-20 yd, and the C. decens group from 5 yd. In all except the last named group, as also for the other Anopheles spp., on which data are lacking, the range of attraction of carbon dioxide was less than 15 yd. Olfactory cues were therefore held to be responsible for long-range orientation in these three species of mosquitoes, the effect being most marked with A. melas.
